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FOREWORD

This report was prepared by Mr. George W. Loptien of the Flight
Vehicle Branch, Aeromechanics Division, Air Force Flight Dynamics
Laboratory, Wright-Patterson Air Force Base, Ohio, under Project 2404,
Aerodynamic Synthesis and Flight Research, Task 240416, Unified Flight
Mechanics Technology, Work Unit 24041603, Analysis and Evaluation of

Aero Configuration Advancements.

Winglets appear to offer significant improvement in aerodynamic
efficiency and fuel and operating cost savings. This Report summarizes
basic information concerning winglets and is part of an overall plan to

develop winglet technology for flight test demonstration.

Winglets have been investigated using semispan and full span KC-135A
models in the NASA/LaRC 8-Foot Transonic Pressure Tunnel. Basic results

from this investigation are presented in this Report. Mr. Stuart G. Flechner,
NASA/LaRC, was the project engineer.

ii



AFFDL-TR-78-124

TABLE OF CONTENTS

SECTION PAGE

INTRODUCTION I

MODEL AND TEST APPARATUS 2

DISCUSSION 5

Winglets 5

Results of Boeing Investigations 7

Aerodynamic Data 8

Winglet Configuration 9

Wing Root Bending Moment 13

Winglet Incidence 14

Winglet Cant 15

Wing Tip Extensions 16

Flap and Horizontal Tail Deflection 17

Lateral-Directional Stability 18

Aileron Deflection 18

Winglet Loss 19

Full-Scale Winglet Performance 20

CONCLUS IONS 21

APPENDIX A - Effect of Win& Tip Removal on Basic
KC-115A Wing 25

APPENDIX B - Characteristics of baair KC-135A ttfcel 28

APPENDIX C - Comparison of Full-Span at:d Semispau
Model Data 30

C102

iv



AFFDL-TR-78-124

ILLUSTRATIONS

FIGURE PAGE

1 Semispan KC-135A Model in the NASA/LaRC 8-Foot
Transonic Pressure Tunnel 32

2 Basic Dimensions of KC-135A Semispan Model 33

3 NASA Winglet Configurations 34

4 Boeing Winglet Configuration 35

5 Leading and Trailing Edge Flaps for Semispan
KC-135A Model 36

6 Full Span 0.035 Scale KC-135A Model With Low
Speed Wing and Winglets 37

7 Wing Flap and Aileron Geometry of Full-Span
KC-135A Model 38

8 Effect of Winglet Length at Zero Cant
CL 0.426 39

CONFIG

9 Effect of Winglet Cant Angle - Variable Span
C L 0.426 40
LCONFIG

10 Equal Area Tip Extension Geometry Investigated
in Reference 1 41

11 Comparison of Induced Drag and Wing Root
Bending Moment Increments Between Zero Cant
Winglets and Tip Extensions 42

12 Comparison of Pitching Moment Increment
Between Zero Cant Winglets and Tip Extensions 43

13 Effect of Winglet Configuration on Semispan
KC-135A Hodel Drag. M - 0.78. 67 " 0 44

14 Effect of Winglet Configuration on Semispan
KC-135A Model Drag. H - 0.30. 6 = 25 Degrees 45

F
15 Effect of Winglet Configuration on Full-

Span KC-135A Model Drag. H - 0.30. 6 F - 0 46

S16 Effect of Winglet Configuration on Full-
Span KC-135A Model Drag. H 0.50. 6 F - 0 47

V-i---



AFFDL-TR-78-124

ILLUSTRATIONS (CONTINUED)

FIGURE PAGE

17 Effect of Winglet Configuration on Full-

Span KC-135A Model Drag. M = 0.70. 6F 0 48

18 Effect of Winglet Configuration on Full-
Span KC-135A Modcl Drag. M - 0.75. 6 0 49

F

19 Effect of Winglet Configuration on Full-
Span KC-135A Model Drag. M = 0.78. 6 0 50

F

20 Effect of Winglet Configuration on Full-
Span KC-135A Model Drag. M = 0.80. 6 0 51

F

21 Effect of Winglet Configuration on Full-Span
KC-135A Model Drag for Different Mach Numbers.
CL = 0.426 52

22 Effect of Winglet Configuration on Full-
Span KC-135A Model Lift. M = 0.30. 6 = 0 53

23 Effect of Winglet Configuration on Full-
Span KC-135A Model Lift. M = 0.50. 6 = 0 53

F

24 Effect of Winglet Configuration on Full-
Span KC-135A Model Lift. M = 0.70. 6 0 54

F

25 Effect of Winglet Configuration on Full-
Span KC-135A Model Lift. M = 0.75. 6 = 0 54

F

26 Effect of Winglet Configuration on Full-

Span IC-135A Model Lift. M - 0.78. 6 0 55
F

27 Effect of Winglet Configuration on Full-
Span KC-135A Model Lift. M - 0.80. 6F 0 55

28 Effect of Winglet Configuration on Full-Span
KC-15A Model Lift for Different Mach Numbers.
CL = 0.426 56

29 Effect of Winglet Configuration on Full-Span
KC-135A Model Lift Curve Slope for Different
Mach Numbers 57

30 Effect of Winglet Configuration on Full-Span
KC-135A Model Angle of Attack Near Cruise

Conditions 57

31 Effect of Winglet Configuration on Full-Span
KC-135A Model Untrimmed Maximum Lift-Drag
Ratio for Different Mach Numbers 58

vi

SW F



AFFDL-TR-78-124

ILLUSTRATIONS (CONTINUED)

FIGURE PAGE

32 Effect of Winglet Configuration on Full-Span
KC-135A Model Pitching Moment. M1 0.30.
6 = 0 59
F

33 Effect of Winglet Configuration on Full-Span
KC-135A Model Pitching Moment. i = 0.50.
6 = 0 59

34 Effect of Winglet Configuration on Full-Span
KC-135A Model Pitching Moment. M= 0.70.
6F = 0 60

35 Effect of Winglet Configuration on Full-Span
KC-135A Model Pitching Moment. M1 0.75.
6F = 0 60

36 Effect of Winglet Configuration on Full-Span
KC-135A Model Pitching Moment. M = 0.78.
6F = 0 61

4F

37 Effect of Winglet Configuration on Full-Span
KC-135A Model Pi'- .hing Moment. M = 0.80.
6F = 0 61

38 Effect of Winglet Configuration on Full-Span
KC-135A Model Pitching Moment for Different
Mach Numbers. CL 0.426 62

39 Effect of Winglet Configuration on Full-Span
KC-135A Model Drag. 1 - 0.30, 6F - 50 Degrees.
i - -10 Degrees 63

40 Effect of Winglet Configuration on Full-Span
KC-135A Model Lift. H - 0.30. 6F # 50 Degrees
iH a -10 Degrees 64

41 Effect of Winglet Configuration on Full-Span
KC-135A Model Pitching Moment. 1 H 0.30.
SF - 50 Degrees. iH - -10 Degrees 64

42 Effect of Winglet Configuration on Semispan
KC-135A Model Wing Root Bending Moment.

0.78. 6v 0 65

43 Effect of NASA Upper Plus Lower Vinglet
Configuration on Semispan KC-135A Model Wing
Root Bending modent. M - 0.30. 6F 0 65

vii



AFFDL-TR-78-124

ILLUSTRATIONS (CONTINUED)

FIGURE PAGE

44 Effect of Upper Winglet Incidence on KC-135A
Model Drag Near Cruise Conditions. NASA Upper
Winglet Configuration. CL = 0.426 66

45 Effect of Upper Winglet Incidence on KC-135A
Model Drag Near Cruise Conditions. Boeing
Winglet Configuration. CL = 0.426 66

46 Effect of Upper Winglet Incidence on KC-135A
Model Drag Near Cruise Conditions. CL = 0.426 67

47 Effect of Lower Winglet Incidence on KC-135A
Model Drag Near Cruise Conditions. NASA Upper
Plus Lower Winglet Configuration. CL = 0.426 67

48 Effect of Lower Wingiet Incidence on KC-135A
Model Drag Near Cruise Conditions. CL 0.426 68

49 Effect of Upper Winglet Cant on KC-135A
Model Drag. M - 0.78. CL - 0.426. 6F 0 69

50 Effect of Upper Winglet Cant on KC-135A Model
Drag. H - 0,78. CL = 0.426. 6F - 0 69

51 Effect of Lower Winglet Cant on KC-135A Model
Drag. M - 0.78. CL - 0.426. 6F - 0 70

52 Effect of Lower Winglet Cant on KC-135A Model
Drag. M - 0.78. CL * 0.426 a 0 70

53 Comparison of Semispan KC-135A Model Drag with
Winglets and Tip Extension. H - 0.78. 6F - 0 71

54 Comparison of Senispan KC- ISA Model Wing Root
Bending Moment with Wingletu and Tip Extension
M = 0,78. 6 -0

55 Comparison of Serispan KC-135A Model Lift
with Winglets and Tip Extension, M - 0.78.t! iF "072

56 Comparison of Semispan KC-135A Model Pitching
Moment with •iinglets and Tip Ex-tension. H - 0.X3.6F -073

5) Effect of Flap and Horizontal Tail Deflection on

KC-!35A Model Drag. .4 0.30. C - 1.0 74

viii



AFFDL-TR-78-124

ILLUSTRATIONS (CONTINUED)

FIGURE PAGE

58 Effect of Flap and Horizontal Tail Deflection on
KC-135A Model Lift. M - 0.30. CL = 1.0 75

59 Effect of Flap and Horizontal Tail Deflection
on KC-135A Model Lift Curve Slope. M = 0.30 75

60 Effect of Flap and Horizonal Tail Deflection
on KC-135A Model Lift-Drag Ratio. M = 0.30 76

61 Effect of Flap and Ho-izontal Tail Deflection
on KC-135A Model Pitching Moment. M = 0.30.
L - 1.0 76

62 Effect of Winglet Configuration on Full-Span
KC-135A Model Yawing Moment. M - 0.30.
6F = 50 Degrees. i - -10 Degrees 77

63 Effect of Winglet Configuration on Full-Span
KC-135A Model Rolling Moment. M - 0.30.
6V - 50 Degrees. i i- -10 Degrees 77

64 Effect of Aileron Deflection on Rolling Moment
M - 0.30. 6F - 30 Degrees. H - -10 Degrees 78

65 Effect of Aileron Deflection on Rolling Moment
H - 0.30. 6( - 50 Degrees. i - -10 Degrees 78

66 Efiect of Aileron Deflection on Yawing Moment
M 0.30. 6y - 30 Degrees. i1 -10 Degrees

6A "-101-4-0 Degrees 79

67 Mfeet of Aileron DefleCC~on on Yawing Moment.
M, - 0.30. 6F U 30 Degrees. i.H -10 Degees.

6A - -20/20 Degrees 79

68 Effect of Aileron Deflection on Yawing Moment.
H 0.30. 6F 3 50 Degrees. - -10 Degrees.

- -10/10 Degrees go

69 Effect of Aileron Deflection on Yawing Moment.
M 0 0.30. 6V - 50 Degrees. I - -10 Degrees.

6 - -20/+20 Degrees so
A

ix

.t



AFFDL-TR- 78-124

ILLUSTRATIONS (CONTINUED)

FIGURE PAGE

70 Effect of Winglet Loss on KC-135A Model Yawing
Moment. M - 0.30. 6F = 50 Degrees. i,, = -10
Degrees 81

71 Effect of Winglet Loss on KC-135A Model Rolling
moment. M - 0.30. 6 F = 50 Degrees. i = -10

Degrees 82

72 Effect of Winglet Loss on KC-135A Model Yawing
Moment Slope. M = 0.30. 6 = 50 Degrees.
il = -10 Degrees 82

73 Effect of Winglet Loss on KC-135A Model Rolling
Moment Slope. M = 0.30. 6F = 50 Degrees.
i -10 Degrees 83

74 Effect of Winglet Loss on KC-135A Model Lift

m = 0.30. 6F = 50 Degrees. i. 1 , -10 Degrees 83

75 Effect of Winglet Loss on KC-135A Model Drag
M - 0.30. 6 = 50 Degrees. i. = -10 Degrees 84

F

76 Effect of Winglet Loss on KC-135A Model

Pitching Moment. M 0.30. 6r 50 Degrees.
iH v -10 Degrees 84

77 Fffect of Winglets on KC-135A Aircraft Dra;

at Cruise Flight Conditions 85

76 Effect of Winglets on KC-135A Aircraft Lift-
Drag Ratio at Cruise F'light Couditions 85

79 Va riat ion of Lift of gasic KC-135A Model
with Angle of Attack. M - 0.30. 6F - 0 86

450 VariaLtoil of L.ift of Basic KC-13$A Model with

Angle of Attack and Flap Deflection. . - 0.30.
i- -10 Degrees 87

•8l ~art.)ion of l ift of Biasic KC-135A Hodel with

Angle of Attack Near Cruise Conditi'on. 6v 0 88

K 82 Valri4tion of Drag of Basic KC-135A Model

"a ith Lift. N - O.10. 6 - O 89

8: 83 Variation of Dr~g of 4asic KC-135A Model vith

Lift and Flap Deflection. H " 0,30.
11i -10 Degrees 90

iIi

xI



AFFDL-TR-78-124

ILLUSTRATIONS (CONTINUED)

FIGURE PAGE

84 Variation of Drag of Basic KC-135A Model with
Lift Near Cruise Condition. 6F = 0 91

85 Variation of Pitching Moment of Basic KC-135A
Model wiih Lift. M = 0.30, 6F = 0 92

86 Variation of Pitching Moment of Basic KC-135A
Mode" with Lift and Flap Deflection. M = 0.30.
i = -10 Degrees 93

87 Variation of Pitching Moment of Basic KC-135A
Model with Lift Near Cruise Conditions. 6F = 0 94

88 Variation of Yawing Moment of Basic KC-135A
Model with Lift and Flap Deflection. M = 0.30.
_= 0 95

89 Variation of Rolling Moment of Basic KC-135A
Model with Lift and Flap Deflection. M = 0.30.

S= 0 95

90 Variation of Yawing Moment Slope Parameter of
Basic KC-135A Model with Lift and Flap Deflection.
M = 0.30 96

91 Variation of Rolling Moment Slope Parameter of
Basic KC-135A Model with Lift and Flap Defection.
M = 0.30 96

92 Variation of Yawing Moment Slope Parameter of
Basic KC-135A Model with Lift Near Cruise
Conditions. 6 0 97

93 Variation of Rolling Moment Slope Parameter
of Basic KC-135A Model with Lift Near Cruise
undition. 6. = 0 97

94 Comparison of Full-Span and Semispan Model
Incremental Lift. M - 0.70 98

95 Comparison of Full-Span and Semispan Model
incremental Lift. M = 0.78 99

":6 Comparison of Full-Span and Semispan Model
Incremental Drag. M - 0.70 100

97 Comparison of Full-Span and Semispan Model
Incremental Drag. M 0.78 101

IJ



t7

AFFDL-TR- 78-124

SYMBOLS

ACL CLwITH - LwITHOUT Incremental lift coefficient

WINGLET WINGLET

CD IITI CDwITHOUT Incremental drag coefficient

WINGLET WINGLET

AC = C - C Incremental pitching moment coefficientm mWirlI mWITHOUT

WINGLET WINGLET

ýZ b CbI -bwIThOUT Incremental wing root bending moment
WITH WTHOUTcoefficient

WINGLET WINGLET

AC n C - Incremental yawing moment ccefficient
.n nWITH TttOUT

WINGLE1. WdýNGLET

AC =C -C Incremental rolling moment coefficient• C1 wITH - WI•IOUT

WINGLET WINGLET

Aa = aWITH - 'WITHOUT Incremental ang-e of attack

WINGLET WINGLET

C L Lift coefficient
L qS

CD qD Drag coefficient
qS
M_ Pitching moment coefficient

Cm qS

Cb q-b' Wing root bending moment coefficientC =
n qb NYawing moment coefficient,n qSb

S1 b Rolling moment coefficient

L Lift

•i xii



AFFDL-TR-78-124

SYMBOLS (CONTIN••ED)

D Drag

Jti Pitching moment, about an axis perpen-
dicular to plane of symmetry and through
the quarter chord position of the wing
mean aerodynamic chord, positive nose

- ,up

B Wing root bending moment (rolling
moment of one-half of model), about a
longitudinal axis parallel to plane of
symmetry at the wing-fuselage juncture,

positive up

N Yawing moment, about a vertical axis
parallel to plane of symmetry, positive
nose right

R Rolling moment, about a longitudinal axis
pa-allel to plane of symmetxy, positive
right wing down

q Free stream dynamic pressure

S Wing reference area

S 5.003 ft2 (semispan model, exposed
basic wing, NASA wing-
lets)

S " 5.038 ft*" (semispan model, exposed
basic wing, Boeing
winglets)

S - 2.9ft (full span model)

c Wing reference chord

Z 15.74 in. (semispan model, exposed
basic wing, NASA wing-
lets)

Z 15.69 in. (semispan model, exposed
basic wing, Boeing
winglets)

c 8.28 in. (full span model)

xiii



AFF.L-TR-78-124

SYMBOLS (CONTINUED)

b Wing reference span

b - 54.60 in. (full span model)

b" Exposed basic wing semispan

V = 48.92 in. (semispan model,NASA
wing)

V -=49.56 in. (semispan model,
Boeing wing)

Winglet length or span

M Mach number

Rift Reynolds number per foot

Angle of attack, angle between fuselage

centerline and flow direction, positive
nose up

V. igle of sideslip, angle between fuselage
centerline and flow direction, positive
nose left

Upper winglet incidence angle, angle
U between upper winglet root chord and

plane of symmetry, positive nose toward
plane of symmetry (toe in)

Lowe, winglet incidence angle, angle

between lower winglet root chord and

plane of symmetry, positive nose away
frot plane of symmetry (to.; out)

•U Urper winglet cantt angle, Angle between
ur-,er winglet and vertical, positive
cant outward

L ' Loxler winglet cant angle, angle betweet:
lower winglet and vertical, positive

cant outward

H Horizonte'l -.ail incidenze angle, angle
between horizontal tail chord !ine and
fuselage centerline, positive nose up

...



AFFDL-TR-78-124

SYMBOLS (CONTINUED)

Wing flap deflection angle, angle
between flap thord and wing chord,
positive flaps down
Aileron deflection angle, angle between
aileron chord and wing chord, positive

trailing edge down

Aileron deflection is designated by two
numbers separated by a slash mark, e.g.,

0/0. The number to the left of the
slash mark indicates left aileron deflec-
tion and the number to the right, the
right aileron deflection.

Subscripts:

WING Semispan model wing without winglets

B Basic'KC-135A model without winglets
(Wing tips clipped to accommodate mounting
winglets)

xv



AFFDL-TR-78- 124

INTRODUCTION

The USAF is interested in reducing the fi1l requirements and

operational costs of existing and future aircraft. 2iethods for improving

aircraft efficiency are continually being investigated and innovative

aerodynamic drag reduction technologies are constantly being sought. A

method suitable for retrofit to existing fleet aircraft is highly desirable.

The winglet concept, developed by NASA/LRC, appears to offer signifi-

cant improvement in aircraft efficiency by reducing aircraft drag, fuel

requirements, and operating costs. Winglets represent the latest state-of-

the-art aerodynamic drag reduction technology and offer significant improve-

ment in aircraft efficiency. Total drag reductions up to 8 percent have

been estimated for the KC-135A aircraft at cruise.

The feasibility of winglets on the KC-135 aircraft has been investi-

gated by the Boeing Commercial Airplane Company under Air Force contract

(Reference 1). This investigation has indicated no basic aerodynamic, struc-

tural, or dynamic problems from winglets on the KC-135. The investigation has

indicated a fuel savings of 68,000 gallons per aircraft per year, which results

in a fleet fuel savings of 44 million gallons per year at a cost savings of

17.5 million dollars (40C/gallon). A KC-135 winglet cetrofit investigation

indicated the cost for retrofitting winglets to be $66,000 (1977 dollars) per

aircraft, or a fleet retrofit cost of about 42.5 million dollars.

The aerodynamic characteristics of semispan and full-span KC-135A wind

tunnel models with different winglet concepts have been investigated in the

t 1.
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NASA/LRC 8-Foot Transonic Pressure Tunnel. Data from these investigations

have been provided to the Air Force Flight Dynamics Laboratory and some

basic results are presented in this Report.

MODEL AND TEST APPARATUS

Semispan Model.

An 0.070-scale semispan wind tunnel model was constructed by NASA/LRC

(Figures 1 and 2)*. A semispan model configuration was selected to obtain

maximum Reynolds number on the winglets.

The 0.070-scale semispan model consisted of the right half of the

KC-135A aircraft. The wing was constructed basically of aluminum and was

designed to deflect under airloads to simulate aeroelastic deflection. The

wing was designed so that the tip deflected approximately the same as the

tip of the full-scale airplane at cruise conditions. The model included

the wing, flow-through nacelles, and fuselage (no tail), although only the

wing and nacelles were attached to the balance system. The basic KC-135A

aircraf: wing has a sweep angle at the quarter chord of 35 degrees, an aspect

ratio of 7.035, a taper ratio of 0.33, a 7-degree dihedral, two degrees

positive incidence at the root, and no geometric twist. The thickness/chord

ratio varies non-linearly from 15 percent at the wing-fuselage juncture to

9 percent at the trailing edge break station and then remains constant at

9 percent to the tip.

To accomodate mounting the winglets, a small portion of the model wing

tip was cut off, reducing the aspect ratio of the basic wing slightly. In

addition, the NASA and Boeing winglets were mounted at slightly different

spanwise locations so that the span of the basic wing was slightly different.

*Figures are located at end of report.

'.4
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The exposed model wing seidispan was ý 3.92 inches for the NASA basic wing

(Figure 2) and 49.56 for the Boeing babic wing. The aspect ratio of the

KC-135A wing was reduced from 7.035 to 6.86 for the NASA basic wing and

6.98 for the Boeing basic wing. The slightly different spanwise location of

the winglets should have only minimal effect on the aerodynamic characteris-

tics. A simple analysis (Appendix A) indicated a lo•ia in aircraft lift-drag

ratio of about -0.07, or about 0.4 percent, with removal of the tip portion

of the Sasic wing.

The original NASA winglet concept was composed of upper and lower

winglet fins (Figure 3); however, both upper winglets (only) and upper plus

lower winglet combinations were investigated. The Boeing winglet configura-

tion tested (Figure 4) was slightly different from the configuration

investigated analytically (Reference 1) because of an error in model fabri-

cation. As a result, the winglet configuration tested had a cant angle of

6 degrees instead of 20 degrees. The wing tip extension model (Figure 2)

was an extension of the basic wing sized to produce approximately the same

increase in wing root bending moment as the NASA upper plus lower winglet

configuration. The span of the tip extension was 3.0 inches.

Fixed-position leading and trailing edge flap configurations were in-

vestigated on the semispan KC-135A model (Figure 5). These flaps were only

representative and did not conform to the flap geometry of the KC-135A

airplane. The trailing edge flaps were located just inboard of the nacelle

centerlines and had a chord of 10% of the wing chord. Flap deflection for

the leading edge flaps was 70 degrees and for the trailing edge flaps 25

degrees.

I3____ _
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Full Span Model.

The basic 0.035 scale full span KC-135A model for the low speed

investigation (M - 0.3) (Figure 6) was equipped with a wing having flaps

and ailerons. The wings were constructed from steel and were not designed

to deflect aeroelastically. Three wing flap deflections 0, 30, and 50 degrees,

and three aileron deflections 0, ±10, and ±20 degrees could be set (Figure 7).

The model had four strut-mounted, flow-through nacelles attached to the wings.

To accommodate mounting the winglets, a small portion of the model wing tips

were cut off, reducing the aspect ratio of the basic wing from 7.035 to 6.98.

A variable incidence horizontal tail could be set at incidence angles of 0,

-4, and -10 degrees.

Because of the basic KC-135A model body construction, the strain gage

balance was located so far aft that the balance pitching moment limit was

"exceeded at very low lift values at high speed. Consequently, the KC-135A

model body was replaced with a body that located the balance further forward.

This body was slightly larger than the KC-135A model body and was circular

instead of oval in cross section; however, these slight differences should

have only minimal effect on the aerodynamic characteristics. Because of the

construction of the body, the horizontal and vertical tails could not be

attached, and all high-apeed tests were made without horizontal and vertical

taiie. The wing for the high-speed model was constructed from steel and was

j ~not designed to deflect aeroel~autically. The wing was constructed without

flaps or ailerons and had a portion of the wing tips cut off to accommodate

mounting the winglets. Four ettut-sounted, flow-through nacelles wre

"attached to the winga.

4.
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Test Apparatus.

The experimental investigation was conducted in the NASA/LRC 8 Foot

Transonic Pressure Tunnel, a continuous-flow, single-return, variable-

pressure facility with a closed slotted test section. The Mach number

range is from about 0.3 to 1.35.

The 0.070-scale semispan KC-135A model was attached to a balance system

located outside the left wall of the tunnel test section and was mounted in

the upright position. Only the wing, nacelles, and vtinglets were attached

to the balance. The fuselage was attached to a turntable in the left wall

of the test section and pitched with the wing, however, the fuselage was

completely isolated and no fuselage loads were recorded by the balance. The

fuselage had a slot through which the wing passed.

The 0.035-scale full-span KC-135A model was mounted in the center of

the tunnel test section on a sting-supported six-component strain gage balr~nce

system. Aerodynamic forces and moments were read out on magnetic tape which

was computer processed.

ntscnss to

Wiuglets are small, cambered fins located at the wing tips (Figures 1

aid 6). Tvo winglet coufiguratious developed by NASA/LRC and the Boeing

Coorcial Airplane Company are ah4A in Figures 3 and 4. The original NASA

winglet configuration had fins both ab ve and below the wing plane (Figure 3).

The upper fin was larger and was located reArward on the tip chord; the

trailing edge of the root chor4 section w" located at the wing tip trai'ing

edge. The floeing Company configuration was developed analytically &ad had

5
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only an upper fin (Figure 4) located rearward (,n nhe tip chord. A basic

difference is the leading-edge strake which is intended to reduce the

twist required at the winglet root and facilitate blending the

winglet into the wing. The NASA upper winglets had a trapezoidal planform

with an area 3.8% of the exposed basic wing area, a root chord 65% of the

wing tip chord, a tip chord 21% of the wing tip chord, a height equal to

the wing tip chord, and a leading edge sweep angle of 38 degrees. The

upper winglets were untwisted, cambered outward (upper surface inboard),

inclined outward from vertical, and were positioned so that the trailing

edge of the root section was located at the wing tip trailing edge. The

lower surface winglets had a trapezoidal planform with an area 0.6% of the

exposed basic wing area, a span 23% of the wing tip chord, a root chord 40%

of the wing tip chord, and a leading edge sweep angle of 32 degrees. The

lower winglets were cambered inward, inclined outward from the vertical,

had sr inciqi.ncp of -7 degrees (toed in), were twisted about the leading

edge . 4 d4eqre% of washout at the tip, and were positioned so that the

leading edge was located at dhe w'%g WiV lc ,diLg ', ;e. Both upper and lower

winglets had 9% thick GA(W)-2 airfoil sections.

The Boeing winglets had a trapezoidal planform with an area of 3.5%

of the egposed basic wing area, a root chord 60% of the wing tip chord, a

height 'l3.'$ of the wing (not exposed) semispan, and a winglet leading edge

sweep angle of 37 degrees. The Boeing winglets had a strako at the leading

edge, were tambered outward, were inclined 6 degrees outward from vertical,

and were posttioned so that the trailing edge of the root chord was located

at the wing trailing edge. The winglets had a 6% thick, Boeing developed,

supercritical airfoil and incorporated twist in the winglet root.

i 6
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Results of Boeing Investigations

In Reference 1, potential performance improvements from winglets

were investigated analytically. Results of this investigation indicated

an 8.4 percent improvement in cruise M(L/D), a net improvement in range

factor of 8.1 percent, and an increase in overall empty weight of 592 lb.

Performance improvements trom equal area tip extensions were also investi-

gated.

The primary effect of winglets and tip extensions is to reduce induced

drag, and, consequently, reduce total aircraft drag. However, in addition

to performance gains from winglets or tip extensions, their effects on the

aircraft structure must be considered. The weight of t.he winglets and their

attachment structure will cancel some aerodynamic benefit and ti-a local and

wing root bending moments will be increased, possibly increasing wing weight.

Various winglet parameters were investigated analytically to determine

the potential aerodyuamic improvement on the KC-135 aircraft at cruise

conditions. For all cases investigated, the winglets were located at the

tip on the upper wing surface only. This investigation indicated that winglet

chordwise location, sweep, taper ratio, and area do not significantly affectIi the overall aerodynamic characteristics of the KC-135 aircraft. Winglet

length and cant angle appear to be the most significant parazeters (Figures

8 and 9).

For the winglet Length selected for the KC-135 aircraft (0.135 b/ 2 ), a

redu:tion in the ind&.ed drag of about 14 percent and an increase in the wing

root bending mount of about 4 percent va. inaicatd at cruise (Figure 8) for

a winglet with no cant. As the winglet is canted outuard (Figure- 9), the

induced drag is further reduced; ho-ever, the wing root bending moment is

7
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increased. For the KC-135 winglets (cant 20 degrees), the induced drag

reduction was about 17 percent and the wing root bending moment increase

about 6 percent.

A number of different equal area tip extensions were also investigated

(Figure 10). Comparison of the induced drag reduction and wing root bend-

ing moment increase for zero cent winglets and wing tip extensions is shown

in Figure 11. When the winglet and tip extension produce the same induced

drag improvement (14% for an G.135 b/2 winglet with no cant), the tip exten-

sion had 31 percent greater wing root bending moment than the winglet.

When the root bending moment of the winglet and tip extension are equal,

the induced drag was reduced about 22.9 percent more by the winglet than by

the tip extension. The winglet gives greater aerodynamic improvement or a

lighter structure.

Both winglets and wing tip extensions increase the aircraft nose-down

pitching moment. Figure 12 shows that the nose-down pitching moment change

of the KC-!35was considerably greater for a tip extension than for a ccrres-

pondin3 zero cant winglet. When the winglet and tip extension produce the

same induced drag improvement (14%) , the pitching moment change from tha

tip extension was about 80 percent greater than that of the winglet. For

equal wing root bending moment, the pitching moment change from the tip

extension was about 35.7 percent. Both winglets and tip extensions increased

the aircraft longitudinal stability.

Aerodynaic Data

AeroAynamic force and mo-ent measurements obtained on the KC-135A

.i t models are presented in coefficient form in the stability axis system and

are referenced to the wing area. span, and ving reference chord. The data
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have been corrected for tumxel flow angularity, tunnel wall, and blockage

effects. Moments are presented about orthogonal axes through the moment.

reference center. The wing root bending moment is the rolling moment of the

projecting semispan wing about an axis parallel to the plans of symmetry at

the wing fuselage juncture. The incremental aeroiynamic characteristics of

the different -onfigurations have been obtained from large-scale plots.

Data without winglets are for the wing tip clipped configuration.

At cruise conditions, M - 0.77 at 30,000 feet, the overall KC-135A

airplane cruise lift coefficient is about 0.426. At take off, flaps are

deflected 30 degrees and the lift coefficient is about 1.22, and at landing,

the flap deflection is 50 degrees and the lift coefficient about 1.0.

Winglet Configuration.

Results from the semispan wind tunnel tests at high subsonic speed

(Figure 13) indicated the greatest drag reduLtions with the NASA upper plus

lower winglet configuration; however, drag reductions of similar magnitude

were found with the upper winglet configurations Rt cruise lift coefficients.

For a cruise lift coefficient of 0.426, a total drag reduction of about 5.4

percent was indicated with the Boeing winglet configuration (ý- 6 degrees)

and about 6.9 percent with the NASA upper (itr 15 degrees) and the NASA upper

plus lover ('t- 15 degrees, k-- 36 degrees) winglet configuratiots.

At low speed, contrary to the high-speed results, the greatest drag

reduction was found with the NASA upper wigluet coufiguration (Figure 14).

Amlytical results from the HouplAnar Lifting System Prograz. (Referente 2)

also indicated the .Agie upper wiuglet configuration to be slightly superior

in reducing induced drag. References 1 tad 3 indicsate that the effect of the

9
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lower winglet is generally favorable, but that improvement in overall

performance is only marginal. Because gains from the lower winglet are

small and structural complexity increased, the lower winglet was eliminated

from later NASA KC-135 winglet configurations. However, winglet effects

are most likely configuration dependent, and the dual winglet configuration

could prove advantageous for other aircraft.

Contrary to results from the semispan model tests, the full-span

KC-135A model tests indIcatedthe greatest drag reduction generally with the

NASA upper winglet configuration (Figures 15 to 20); however, drag reductions

of similar magnitude were achieved with the other winglet configurations

investigated. In addition, it must be considered that the cant angle of

the Boeing winglet configuration was six degrees, and that greater drag re-

duction could be achieved if the cant angle was increased. For cruise condi-

tions, M = 0.78 and CL= 0.426 (Figure 19), a total drag reduction of about

5.3 percent was obtained with the Boeing and NASA upper plus lower winglet

configurations and about 6.5 percent with the NASA upper winglet configuration.

At low speed (Figure 15), drag reduction of the KC-135A model with NASA

upoer winglets at CL= 0.426 was approximately 3.0 percent, about half of the
L

drag reduction achieved at cruise.

For lift coefficients less than about 0.2. the incremental winglet

drag was positive, ihdicating the profile drag iucrease to be greater than the

induced drag decrease generated by the winglets. For lift coefficients

greater than about 0.2, the incremental total drag becomes negative indicating

the decrease induced drag from the winglets to be greater than the increase

• , in profile drag, resulting in an overall drag reduction for the KC-135A

••I
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model. As the drag reduction from winglets is primarily induced drag,

these devices can be expected to be more effective at higher lift coeffi-

cients, and, as shown by Figures 15 to 20., drag reductionwas considerably

greater at higher lift coefficients. At cruise Mach number (Figure 19),

drag reduction varied from about one percent at C L0.2 to about 13 per cent

at CL- 0.8 for the NASA upper winglet configuration. The drag reduction

achieved with the different winglet configurations on the KC-135A model at
C L-0.426 with Mach number is shown in Figure 21.

The effect of the different winglet configurations on the lift of the

KC-135A model (Figures 22 to 27) was to generally increase the lift about

one to three percent. At cruise lift conditions (Figure 26), the increase

in lift of the KC-135A model was about 2.5 percent with all of the winglet

configurations investigated. Variation of the incremental lift of the KC-135A

model with the different winglet configurations with Mach number is shown in

Figur- 28 and variation of the incremental lift curve slope with Mach number

is shown in Figure 29. The lift curve slope of the KC-135A model wasgenerally

increased about one to three percent by the different winglet configurations.

At low Mach numbers, the increase in lift curve slope appears to be slightly

greater with the NASA upper plus lower winglet configuration; however, at

higher Mach numbers, the increase is about the same as with the upper winglet

configurations. Because of the increased lift with the winglets, the aircraft

can fly at a reduced angle of aitack which will reduce the profile drag. At

cruise conditions, the reduction in angle of attack of the KC-135A model with

winglets was about -0.1 degree (Figure 30).

A measure of the aerodynamic efficiency is the lift-drag ratio. The
'7 increase in the maxim= untrimed lift-drag ratio of the KC-135A model with

t! 11
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the different winglet configurations is shown in Figure 31 fqr different

Mach numbers. The increase in maximum untrimmed lift-drag ratio was about

the same with all of the different winglet configurations investigated.

At cruise conditions, the increase in the model maximum untrimmed lift-

drag ratio because of winglets was about 8 percent.

The effect of the different winglet configurations on the pitching

moment was to increase the nose down pitching moment and increase the longi-

tudinal stability of the KC-135A model (Figures 32 to 37). At cruise lift

conditions, the increase in nose-down pitching moment was about 13 percent

for the model with the NASA upper and Boeing winglet configurationb 'ni about

16 percent for the NASA upper plus lower winglet configuration. Variation of

the increase in nose-down pitching moment of the KC-135A model with the differ-

ent winglet configurations with Mach number is shown in Figure 38 for CL - 0.426.

The effect of winglet configuration on the model aerodynamic characteris-

tics at low speed was also investigated at a flap deflection of 50 degrees and

a horizontal tail incidence angle of -10 degrees (Figures 39 to 41). The

greatest drag reduction was found with the upper winglet configurations

(Figure 39), and, as shown, the drag reduction was essentially the same ,for

both configurations investigated. At CL = 1.0 (landing condition), Figure 39

indicates a total drag reduction of about 2.5 percent for the upper winglet

configurations and about 1.0 percent for the NASA upper plus lower winglet

configuration. Because of the difference in cant angle, the model tests at

F 0 (tail off) generally indicate a slightly greater drag reduction with

the NASA upper winglet configuration than with the Boeing winglet configuration.

No explanation is known for the different behavior at 6.. 50 degrees. The

effect of thte different winglet configurations on the lift of the model at

12
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i6-

SF- 50 degrees, 1- -10 degrees (Figure 40) was to generally increase the

lift about 1 to 2 percent, except at very high lift coefficients. The

effect of the winglets on the pitching moment at 6F- 50 degrees, 'g -10

degrees (Figure 41) was to increase the nose-down pitching moment and

increase the longitudinal stability of the model.

Wing Root Bending Moment

Potential aerodynamic benefits from winglets appear to be significant;

however, their total impact on the performance and structure of an aircraft

has to be evaluated. The weight of the wintlets and their attachment structure

offset some of the aerodynamic benefit, and both the local and wing root bend-

ing moment will be increased. To accommodate the increased moments, wing

weight may have to be increased, and an assessment between the benefits of

improved aerodynamic performance and increased wing weight must be made.

To evaluate the effects of winglets on the KC-135 aircraft, all effects

on the aircraft structure have been assumed to be proportional to measured

model wing root bending moments. The wing root bending moments of the semi-

span KC-135A model with and without winglets were measured by a strain gage

built into the rodel wing. For this case, the wing root bending moment was

the rolling moment of the exposed semispan wing. At cruise conditions (M -

0.78, CL- 0.426) (Figure 42), the measured increase in the wing root bending

moment of the semispan KC-135A model was about 2.5 percent with the Boeing

winglet configuration and about 3 percent with both the NASA upper and the

NASA upper plus lower winglet configurations. The Boeing analytical iuveati-

gation indicated an increase of about 4.8 percent (Figure 9) in the wing root

bending moment for a cant angle of 6 degrees at cruise conditions, a value

L __ 13tii
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somewhat greater than the measured wing root bending moment. At low speed

(Figure 43), the increase in the wing root bending moment of the KC-135A

model with the NASA upper plus lower winglet confl.guration was approximately

6 percent for wing lift coefficients from about 0.6 to 0.95.

Winglet Incidence

As winglets are basically small, cambered, wings flying at an angle of

attack determined by the wing tip cross flow, winglet incidence can affect

the efficiency. To determine winglet incidence angle, the different winglet

configurations were investigated at several incidence angles.

The elfect of winglet incidence on the drag of the KC-135A model with

the NASA upper and the Boeing winglet configurations at near cruise conditions

is shown in Figures 44 to 46. Incidence angle, within the range investigated,

influenced the drag reduction characteristics of the winglets only very slightly.

An incidence angle of -4 degrees was selected for the KC-135A model with the

NASA upper winglet configuration and an angle of -1 degree was selected for

the model with the Boeing winglet configuration. The bulk of the data obtained

from the KC-135A model with winglets was for these incidence angles. Results

from te semispan KC-135A model tests with the NASA upper plus lower wInglet

configuratinn also indicated the greatest drag reductions for an upper wing-

let incidence a,,gle of -4 degrees.

The effect of lower winglet incidence on the drag of the KC-135A model

with the NASA ,ipper plus lower winglet configuration at near cruise conditions

is shown in Figuxea- 47 r.d 41. The upper winglet incidence angle was flxed

SI at -4 degrees. The drag reductiin of the NASA upper plus lower winglet con-

figuration was improved slightly as the lower winglet incidence angle was

reduced. At H - 0.78, the drag of the m.'del was reduced about 4.7 percent

14
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at a lower winglet incidence angle of --8 degrees and about 5.1 percent

for incidence angles from about -7 to -5 degrees. A lower winglet incidence

angle of -7 degrees was selected for the NASA upper plus lower winglet

configuration and most data are for this incidence angle.

JWinglet Cant

As indicated by the Boeing analytical investigations, winglet length

and cant angle appear to be the most significant geometric parameters affect-

ing the overall aircraft aerodynamic characteristics. All of the (upper)

winglets investigated were essentially the same length, and winglet cant angle,

per se, was not investigated. However, as the cant angles of the different

winglet configurations varied somewhat, some deductions concerning cant angle

can be made. Because the basic purpose of winglets is to reduce drag, drag

reduction at cruise has been selected at the primary criterion for winglets.

The effect of cant angle on the drag of the KC-135A model with the

different upper winglet configurations at cruise lift conditions (Figures 49

and 50) was to reduce the drag as the winglet was canted. The drag of the

model was reduced about 5.3 percent with a cant angle of 6 degrees, and about

6.5 percent with a cant angle of 12 degrees (Figure 50). Linear extrapolation

of the curve to zero cant (vertical winglets) indicated a drag reduction of

about 4.1 percent.

The effect of lower vinglet cant angle on the drag of the KC-135A model

with the NASA upper plus lower winglet configuration at cruise lift conditions

(Figures 51 and 52) shows only a very alight change in the drag of the model

as the lower winglet is canted. Figure 52 indicates a drag reduction of about

5.3 percent with a lower winglet cant angle of 12 degrees and about 5.9 percent

15
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with a cant angle of 36 degrees. Linear extrapolation to zer-- cant augle

indicates a drag reduction of about 5 percent with the lower wingle-.

vertical.

Wing Tip Extensions

The effect of wing tip extensions on the KC-135 aircraft was investi-

gated analytically in Reference 1. Results of this investigation indicate

that an equal area wing tip extension can reduce the induced drag about 10

percent more than an 0.135 b/2 zero cant winglet (Figure 9), but that the

wing root bending moment is more than doubled.

A wing tip extension was investigated with the semispan KC-135A model.

The configuration investigated (Figure 2) was designed to produce wing root

bending moments similar to those of winglets and was not optimized for

maximum drag reduction.

Comparison of the drag reduction of the semispan model with the tip

extension and with the different winglet configurations (Figure 53) shows

that the drag reduction from the tip extension was considerably less than

from the winglets. At cruise conditions, the total drag reduction with the

tip extension was about 3 percent, while that from the winglets varied from

about .5.4 percent with the Boeing configuration to about 7 percent with the

NASA upper and upper plus lower winglet configurations.

Comparison of the measured wing root bending moments of the semispan

awdel with the tip extension and with the different winglet configurations

(Figure 54) shows that the bending moment from the tip extension is greater

than those from the winglet configurations. At cruise conditions, the

measured increase in the model wing root bending moment was about 3.5 percent

16
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for the tip extension, about 3.0 percent for the NASA upper and upper plus

lower winglet configurations, and about 2.5 percent for the Boeing winglet

configuration.

Comparison of the increase in lift and nose-down pitching moment of

the semispan model with winglets and tip extension is shown in Figures 55

and 56, respectively. The increase in lift was approximately the same with

both the tip extension and the winglet configurations. At cruise conditions,

the increase in lift was about 2-3 percent. However, as shown by Figure 56,

the change in nose down pitching moment was considerably greater with the tip

extension. Both the tip extension and the winglets increase the nose down

pitching moment and increase the longitudinal stability of the model.

Flaps and Horizontal Tail Deflection

Comparison of the drag reduction achieved with the NASA upper winglet

configuration at low speed and CL= 1.0 (Figure 57) for different horizontal

cail and flap deflections indicated horizontal tail incidence angle to have

only small influence on the drag reduction, and that the drag reduction was

proportional to flap deflection, varying from about 12 percent at zero deflec-

tion to about 2.5 percent at 50 degrees deflection. The increase in lift

from the winglete (CL- 1.0) (Figure 58, was basically not affected by hori-

zont~l tail incidence, but becones greater with increased flap deflection,
varyign from about 0.5 percent at 6 Fr 0 to about 2 percent at 61,, 50 degrees.

The increa in lift curve slope (Figure 59) varied from about 1 to 3 percent

with the greatest Increase occurring at 30 degrees flap deflection, The in-
' icrease in untrimmed maxinum lift-dtag ratio of the model (Figure 60 Was•

easfotially not influecad by tail incidence, but uas deceased by flap
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deflection. The increase in lift-drag ratio ranged from about 7.5 per-

cent at zero flap deflection to about 3.5 percent at 50 degrees flap deflec-

tion. The effect of horizontal tail incidence and flap deflection on the

model incremental pitching moment is shown in Figure 61. The model incre-

mental pitching moment was not greatly affected by flap deflection, but

was somewhat more negative at a tail incidence angle of -4 degrees than

at zero and -10 degrees.

Lateral-Directional Stability

An important consideration of winglets is their effect on the lateral

and directional stability characteristics. The effect of the different wing-

let configurations on the lateral and directional characteristics of the

KC-135A model is shown in Figures 62 and 63 for 6F W 50 degrees. All of the

"winglet configurations affected the lateral-direc r~.ai characteristics about

the same and always increased the lateral and directional stability of the

model.

Ailerou Deflection

The effect of aileron deflection on the lateral-directional character-

istics of the KC-135A model with winglets is shown in Figures 64 to 69.

The effect of aileron deflection on the rolling moment of the model

with and without winglets is shown in Figures 64 and 65 for flap deflections

of 30 and 50 degrees, respectively. The winglets increased the outboard

aileron effectiveness and the increase in effectiveness is essentially con-

stant across most of the lift range. At CL - 1.0 to 30 degrees flap deflection

(Figure 64). the increase in the rolling moment was about 3 and 6 percent for

aileron deflections of 10 and 20 degrees, respectively. At CL - 1.0 and 50

degrees dr 'lection (Figure 65), the increase in the rolling moment was about

10 and 7 .ercent for 10 and 20 degrees aileron deflection, respectively.
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The effect of aileron deflection on the yawing moment of the model

with and without winglets is shown in Figures 66 to 69 for flap deflections

of 30 to 50 degrees. There is essentially no change in yawing moment with

aileron deflection.

Winglet Loss

The loss of one winglet, e.g., structural failure or combat, could

quite possibly be detrimental to the aircraft safety or performance.

To investigate the effect of winglet loss, the KC-135A model was tested

with a NASA upper winglet on the left wing tip only. This investigation was

made for a flap deflection of 50 degrees and a horizontal tail incidence angle

of -10 degrees.

The most obvi.us effect of the loss of a winglet is on the aircraft

lateral and directional characteristics. Consider, for example, a KC-135

aircraft with winglets flying in equilibrium, and suddenly the right winglet

is lost. The change in yawing moment and rolling moment with the loss of the

right winglet is shown in Figures 70 and 71, respectively. The change in yaw-

ing moment of the KC-135k model was always negative over the lift coefficient

range investigated, while the change in rolling moment was alwayp positive,

requiring right rudder and left ailerons to maintain aircraft equilibrium.

As shown by Figure 72, there was easentially no change in the yawing moment

slope parameter, Cna of the KC-135A model when one winglet was lost; however,

as shown by Figure 73, there was a slight positive shift of the rollingf moment paraaeter, Cl. At CL - 1.0, the change in Cl, was about 25 percent.

The effect of the loss of a winglet on the longitudinal aerodynamic

characteriatics is shomm in Figures 74 to 76. The lift of the KG-135A usodel
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was decreased up to about I percent (Figure 74) and the drag increased up to

about 2 percent with the loss of a winglet (Figure 75). The effect of the

pitching moment (Figure 76) was to increase the nose-down pitching moment

even more than the original two winglet configuration. At CL= 1.0, the

change in nose-down pitching moment was about 50 percent greater than for

the model with two winglets. In view of the large nose-down pitching moment

introduced by winglets on the KC-135A model, iý is surprising that removal of

one of the winglets further increased the nose-down pitching moment. It would

be expected that removal of one winglet would relieve the nose-down pitching

moment somewhat, but the data do not indicate this.

Full-Scale Wingiet Performance

At full-scale flight conditions, the total drag reduction from winglets

should be somewhat greater than that measured at test conditions because of

decreased skin friction drag and the increased lift from winglets which per-

umihs the aircraft to fly at a lower angle of attack decreasing the profile

drag. Additional effects which influence Lhe full-scale aircraft drag in-

clude trim drag changes and excrescence drag. The effect of wingletB on the

full-scale aircraft can therefore be aesumed to be expressed by the foll'oing

equation,

SD WITH " D WITHO•IO Ts + DsCjE I " XCR• S
IJINGLETS WINGLETS

+ADPROFILE Ui

full-acalQ drag polars for the K.C-135 aircraft with wingluts have

been derived from wind tunnel and flight test data using the above equation

(Figure 77). The aircraft has been uuwed to be equipped with winglets

having the NASA upper winglet configuratiou. The vinglet incremantal drag
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a3 been taken from the data shown in Pigure 19. ACDTRIM and ACDEXCRE

have been shown to be close to zero and estimates of 4CDSCI and ACDpROFILE

have indicated values of -0.00022 and -0.00015 for these coefficients. As

shown by Figure 77, the full-scale drag improvement with winglets has been

estimated to be about AC D- -0.0020 or aboat 8.2 percent of the aircraft

cruise drag. The improvement in the aircraft maximum lift-drag ratio because

of the winglets (Figure 78) was about 1.68 o-: about 9.5 percent.

CONCLUSIONS

The aerodynamic characteristics of semispan and full-span KC-135A

models with winglets and a tip extension have been investigated in the NASA/

LRC 8-Foot Transonic Pressure Tunnel. Some basic results from these investi-

gations have been presented in this Report. The following conclusions have

been derived.

1. Results from semispan wind tunnel tests at hiah subsonic speeds indicated

the greatest drag reductions from the NASA upper plus lower winglet configura-

tion; houever, drag reductions of similar sagnitude were found with the upper

winglet configurations at cruise lift coefficients.

2. Contrary to the semispan model tests, full-span odel tests indicated the

greatest drag reductious at high subsonic speeds with the NASA upper wvislet

canfiguration. At cruise coaditions, a total drag reduction of about 5.3 per-

cent was found for the model with the 8oeing and NASA upper plus lower winglet

configurations &a a reduction of about 6.5 percent for the modl with theI NASA upper winglet configuration.
3. At low speads, a tatal dr•g reduction of about 3.0 percent was found for

the full-spn model with the NASA upe wanglet configuratiou.
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4. Drag was decreased with upper winglet cant. The drag of the full-span

model was decreased about 5.3 percent with an upper winglet cant angle of

"6 degrees and about 6.5 percent with a cant angle of 12 degrees.

5. Drag was decreased with lower winglet cant. The drag of the full-span

model was decreased about 5.3 percent with a lower winglet cant angle of

12 degrees and about 5.9 percent with a cant angle of 36 degrees.

6. Results from semispan model tests at high subsonic speeds indicate the

drag reduction from winglets to be greater than from a wing tip extension

configuration. At cruise conditions, the total drag reduction of the semi-

span model with the tip extension was about 3 percent while reduction from

the winglets varied from about 5.4 to 7 percent.

7. At high subsonic speeds, the increase in wing root bending moment of the

semispan KC-135A model was greatest with a wing tip extension and least with

the upper winglet configurations. At cruise conditions, the increase in

wing root bending moment varied from about 2.5 percent with the Boeing wing-

let configuration to about 3.5 percent with the tip exteasion.

8. At cruise conditions, winglets generally increased the lift of the model

about 1 to 3 percent.

9. At cruise conditions, winglets increased thO model untrimmed maximum lift-

drag ratio about 8 percent.

10. Both winglets and tip extensions increase the nose-down pitching Mocnt

and lacresse the longitudinal stability; however, the increase in pitching

mowmnt 4as considerably greater for the tip extrnsiou. At cruise coaditions,

the increase in nose- down pitching 7ment was about 13 percent for the full-

span model with NASA upper and Boeing winglets md about 16 percent with the

-MSA upper plus lower vinglet configuration.
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11. At H - 0.30 and CL= 1.0, total drag reduction of the full-span model

varied from about 12 percent at zero flap deflection to about 2.5 percent

at 50 degrees flap deflection.

12. At M - 0.30, the untrimmed maximum lift-drag ratio of the full-span

KC-135A model with winglets was increased about 7.5 percent at zero flap

deflection and about 4 percent at 50 degrees flap deflection.

13. Winglets increased the directional and lateral stability of the full-

span KC-135A model.

14. Winglets increased the aileron effectiveness of the full span model.

At M - 0.30 and C = 1.0, the increase in rolling moment was about 10 and 7

percent for 10 and 20 degrees aileron deflection, respectively.

15. The change in the aerodynamic characteristics of the KC-135A with tne

loss of one winglet appears to be sufficiently small so as not to inmpair

aircraft capability or safety.

16. Estimated wiuglet effects at cruise flight conditions indicated a re-

duction in drag of 8.2 percent and an increase in (L/D) MAX of 9.5 percent.
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APPENDIX A

EFFECT OF WING TIP REMOVAL
ON BASIC KC-135A WING

To accommodate mounting the winglets, a small portion of the model

wing was removed, changing the wing span, area, and aspect ratio.

Consider the following sketch, where subscript 1 denotes the original wing

and 2 deaotes the wing shortened to accommodate the attachment of winglets.

S• : b2 12

TIP REMOVED TO
ATTACH WINGLETS

Lift can be expressed as

"C LI , " 2(i
L, qS L 2 qS2

where, at cruise, L- L - W, and

SCL2 1C S (2)
~L2  L 2

Drag for the corresponding conditions can be expressed as,

25
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CD =CD +C C2 D• + C2

1~ 01 I ' D2 02 L2 (3)
1 1 iTAR e

2 2

where, CD = D S 1  (4)

02 0-

D2 O 1 Ss 2

"and,C CL C S (5)1 12 1 0S4AR e2 2 2

From flight data for the KC-135 aircraft at a cruise C Lof 0.426, M =0.78,
L6

and a Reynolds number based on the mean aerodynamic chord of 42 X 106

C L 0O.4260, C D1  0.0241, el 0.7491

which gives

C
2

C C + L =0.0241

P1 AR e
1 -1

2or, CD 0.0241- (0.4260) 0.0241 - 0.0110 0.0131
P 7 (7.035) (0. 7491)

From equation (2) the corresponding lift coefficient for the aircraft with

the tip removed is

CL a 0.4260 (2433\ 0.4279
L ý.2422)

And the corresponding drag coefficient from equation (3) for the same wing

efficieucy factor

C * 0.0131 /2433' + (0.4279)2
D a 2422) 'T( 6.98)(0.7491)

" 0.0132 + 0.0111 - 0.0243

Consequently,
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(LD) -0.4279 17.909

2 0.U243
0. 4260

and, (L/D) 1 - 0.0241 17.676

a loss in aircraft lift-drag ratio of -0.067 or a loss of 0.4 percent.
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APPENDIX B

CHARACTERISTICS OF THE BASIC KC-135A MODEL

To investigate the aerodynamic effects of different winglet configura-

tions on the KC-135A model, it was necessary to determine the aerodynamic

characteristics of the basic KC-135A model. To accommodate mounting the

winglets a small portion of the model wing tips were cut off, reducing the

aspect ratio of the basic wing from 7.035 to 6.98. An analysis (Appendix A)

indicated a loss in aircraft lift-drag ratio of about -0.067, or about 0.4

percent, with the wing tips removed.

The variation of the lift of the basic model with angle of attack is

shown in Figures 79, 80, and 81 for flap deflection of zero, 30 and 50

degrees. Extrapolation of Figure 79 (M = 0.30) to zero lift indicates the

angle of zero lift of the model at zero flap deflection and zero horizontal

tail incidence angle to be about -3 degrees. The lift curve slope varied

from about 0.0796 at M - 0.30 to about 0.1008 at M = 0.80 for the model

with the tail off. Variation of the drag with lift is shc¢wn in Figures 82,

83, and 84. At zero flap deflection and zero horizontal tail incidence,

Figure 82 indicates the zero lift drag coefficient at M = 0.30 to be about

0.0218, the minimum drag coefficient to be about 0.0210, and the lift co-

efficient corresponding to the minimum drag coefficient to be about 0.075.

For cruise conditions, Figure 34 indicates the drag coefficient of the Wodel

without tail to be about 0.0260. Variation of the model pitchirig toment

with lift is shown in Figures 85, 86, and 87. At low speed (Figures 85

and 86), the slope of the pitching moment curves in the linear region was

essentially unaffected by horizontal tail incidence or flap deflection.

28
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For zero flap deflection (Figure 85), the zero-lift pitching moment co-

efficient was about -0.047 and the slope, dCm/dCL, about -0.220. As

shown by Figures 88 to 91, horizontal tail incidence and flap deflection

had only small effect on the yawing and rolling moment of the basic KC-135A

model except at high lift coefficients. Figures 92 and 93 show that the

slope of the yawing and rolling moment curves was also little affected by

horizontal tail incidence except for high lift coefficients.

29
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APPENDIX C

COMPARISON OF FULL-SPAN AND SEMISPAN MODEL DATA

Aerodynamic coefficients are normally referenced to the theoretical

wing area, although other areas may be used, and careful definition is

required. The aerodynamic coefficients of wall-mounted semispan wing (or

panel) models are generally referenced to the exposed wing area, and the

results are normally comparable with full-span wind tunnel or flight data.

The KC-135A semispan model wing was directly attached to the wall

mounted balance system; however, that portion next to the tunnel wall was

shielded by the model body. The body pitched as the wing angle of attack

was changed; however, the fuselage was completely isolated and no body

loads were recorded. The body had a slot through which the wing passed.

The wing was designed so that the tip deflected approximately the same as

the tip of the full-scale airplane at cruise conditions. The aerodynamic

coefficients of the KC-135A semispan model are referenced to the area of

that portion of the wing outboard of the body, i.e., the exposed wing Area.

Data obtained are, therefore, for the exposed wing (plus winglets) in the

presence of, but not attached to, the model body.

The full-span KC-135A model was mounted in the center of the tunnel

test section on a sting-supported six-component balance system. The model

wings were rigid and did not deflect aeroelastically. The aerodynamic

coefficients are referenced to the theoretical wing area.

Comparison of the incremental lift and drag obtained with the 0.035-

scale full-span model am.4 the 0.07-scale semispan model with different

30
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winglet configurations is shown in Figures 94 to 97 for Mach nubers -f

0.70 and 0.78. Agreament of the data from the two different models :.s

generally very good, however, ame differences exist in the lift at M 0.78.
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Figure 9. Effect of Winglet Cant Angle - Variable Span

CL "I 0.426 (Reference 1)
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Figure 10. Equal Area Tip Extension Geometry Investigated
in Raefereace 1
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Figure 11. Comparison of Induced Drag and Wing Root
Bending Mement Increments Between Zero Cant
Wingleta and Tip Extensions (Reference 1)
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SYMBOL WINGLET iu 'L iL OL
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Figure 13. Effect of Winglet Configuration on Semispan
KC-135A Hodel Drag. M 0.78. - 0
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Figure 14. Effect of Winglet Configuration on S-mispan

KC-135A Kodel Dreg. N 0.30. 6, 25 Degrees
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SYMBOL WINGLET I iU eL
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Figure 16. Effect of Winglet Configuration on Full-
Span KC-135A Model Drag. H 0.50. 0F " 0
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- j Figure 17. Effect of Winglet Configuration on Full-
Span KC-135A Model Drag, H 0.70. 6 0
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SYMBOL 1u U L L
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Figure 18. Effect of winglet Configuration on Full-
Span KC-l35A Kodel Drag. 1- 0.75. 6 = 0
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Figure 20. Effect of Winglet Configuration on Full-
Span KC-135A Hodel Drag. H 0.60. 65 0
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Figure 22. Effect of Winglet Configuration on Full-
Span KC-135A Model Lift. H - 0.30. 6 F 0
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Figure 24. Effect of Winglet Configuration on Full-
Span KC-135A Model Lift. M 0.70. 6 0

F

0.04

0.03

Wth 0.01

Z C)

0o 0
0 0.2 0.4 0.6 0.8 1.0 1.2

C L -LIFT COEFFICIENT

W, Figure 25. Effect of Winglet Configuration on Full-
Span KC-135A Model Lift. H 0.75. 6. 0

F.I5



AFFDL-TR-78-124
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Figure 26. Effect of Winglec Configuration on Full-
Span KC-135A Model Lift. M = 0.78. 6 = 0
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Figure 27. Effect of Winglet Configuration on Full-
Span KC-135A Model Lift. M - 0.80. 6F 0
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SYMBOL WINGLET 1 1 L
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Figure 29. Effect of Winglet Configuration on Full-Span
KC-135A Model Lift Curve Slope for Different
Mach Numbers
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Figure 30. Effect of Winglet Configuration on Full-Span
KC-135A Model Angle of Attack Near Cruise
Conditions
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SYMBOL WINGLET i OU i eL
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Figure 31. Effect of Winglet Configuration on Full-Span
-KC-135A Model Untrimmed Maximum Lift-Drag
Ratio for Different Mach Numbers
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Figure 32. Effect of Winglet Configuration on Full-Span
KC-135A Model Pitching Moment. M - 0.30.
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Figure 34. Effect of Wit6,et Configuration on Full-Span
KC-135A Model Pitching Moment. M 0 0.70.
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Figure 36. Effect of Winglet Configuration on Full-Span
KC-135A Model Pitching Moment. H - 0.78.
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Figure 51. Effect of Lower Winglet Cant on KC-135A Model
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Figure 62. Effect of Winglet Configuration on Full-Span
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Figure 72. Effect of Winglet Loss on KC-135A Model Yawing
Moment Slope. M 0.30. 6 =50 Degrees.

iH -10 DegreesF

82



AFFDL-TR-78-124

0.010 N11SA UPPER WINGLET CONFIGURATION

AC C C
WINGLET 2 WINGLETS

0.008

0.006
L3.,

C>

. •.u O. 004-

00

.. •I- 0. 002

• J0 I I Ii , I , I . . .

0.2 0.4 0.6 0.8 1.0 1.2 1.4

C LIFT COEFFICIENT

Figure 73. Effect of Winglet Loss on KC-135A Model Rolling
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Figure 74. Effect of Winglet Loss on KC-135A Model Lift
M 0.30. 6F =50 Degrees. iH • -10 Degrees
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Figure 75. Effect of Winglet Loss on KC-135A Model Drag
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Figure 77. Effect of Winglets on KC-135A Aircraft Drag
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Figure 87. Variation of Pitching Moment of Basic KC-135A
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Figure 88. Variation of Yawing Mnme~nt of Basic KC-135A
Model with Lift and Flap Deflection. M 0.30.
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Figure 89. Variation of Rolling Moment of Basic KC-135A
Model with Lift and Flap Deflectton. M " 0.30.
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Figure 91. Variation of Rolling Moment Slope Pa.ameter of
Basic KC-135A Model with Lift and Flap Defection.
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Figure 92. Variation of Yawing Moment Slope Parameter of
Basic KC-135A Model with Lift Near Cruise
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